Although p27 and p57 are structurally related cyclin-dependent kinase inhibitors (CKIs), and are thought to perform similar functions, p27 knockout (p27 KO ) and p57 KO mice show distinct phenotypes. To elucidate the in vivo functions of these CKIs, we have now generated a knock-in mouse model (p57 p27KI ), in which the p57 gene has been replaced with the p27 gene. The p57 p27KI mice are viable and appear healthy, with most of the developmental defects characteristic of p57 KO mice having been corrected by p27 knock-in. Such developmental defects of p57 KO mice were also ameliorated in mice deficient in both p57 and the transcription factor E2F1, suggesting that loss of p57 promotes E2F1-dependent apoptosis. The developmental defects apparent in a few tissues of p57 KO mice were unaffected or only partially corrected by knock-in expression of p27. Thus, these observations indicate that p57 and p27 share many characteristics in vivo, but that p57 also performs specific functions not amenable to substitution with p27.
T
he regulation of cyclin-dependent kinase (CDK) activities is pivotal for the precisely ordered progression of the cell cycle. Such regulation is achieved by various mechanisms, including changes in the concentration, phosphorylation, and subcellular localization of cyclin-CDK complexes as well as in the interaction of CDKs with CDK inhibitors (CKIs) (1, 2) . Two families of CKIs have been identified to date. The Cip-Kip family consists of p21 (Cip1), p27 (Kip1), and p57 (Kip2), and inhibits many types of cyclin-CDK complex, whereas the INK4 family includes p15, p16, p18, and p19, and specifically inhibits CDK4 or CDK6.
The CKIs p27 and p57 are structurally related proteins that share a conserved CDK binding-inhibitory domain and a QT domain in their NH 2 -and COOH-terminal regions, respectively, and exhibit similar biochemical characteristics (3, 4) . Also, several aspects of their cellular functions have suggested that these 2 CKIs are effectively ''twin'' molecules. For example, their expression levels are high in G 0 and G 1 phases of the cell cycle and decrease during progression from G 1 to S phase (5) (6) (7) (8) (9) (10) , in association with the activation of cyclin-CDK complexes. Such activation results in phosphorylation of Rb family proteins and consequent activation of transcription factors of the E2F family, which target genes required for entry into and progression through S phase. Consistent with this scenario, overexpression of either p27 or p57 in cultured cells induces G 1 arrest (3, 4, 6, 11) .
Despite the similarities between p27 and p57, the phenotypes of p27 knockout (p27 KO ) and p57 KO mice differ substantially. Whereas p27 KO mice are viable and show a hyperproliferative phenotype characterized by organ hyperplasia and tumorigenesis (12) (13) (14) , consistent with the expected function of p27 as an inhibitor of cell proliferation, p57 KO mice manifest neonatal death, as well as developmental defects in multiple tissues (15) (16) (17) . These differences are possibly attributable to differences in the spatiotemporal patterns of p27 and p57 expression (18) , to structural features of p57 not shared by p27 (Fig. 1A) , or to differences in the interactions of the 2 CKIs with proteins other than CDKs (19) (20) (21) (22) (23) (24) (25) (26) (27) . However, given that previous studies have not evaluated the intrinsic differences between p27 and p57 under physiological conditions, the differences in their in vivo roles have remained unclear.
To overcome such limitations of previous studies, and to compare directly the physiological roles of p27 and p57, we have now generated a knock-in mouse model in which the p57 gene has been replaced with the p27 gene, and in which p27 is, therefore, expressed instead of p57. Our genetic model has uncovered both common and unique features of p27 and p57 that manifest in a tissue-specific manner.
Results
Generation of p57 p27KI Mice. Both p27 and p57 possess a CKI domain in their NH 2 -terminal regions and a QT domain that contributes to regulation of their stability at their COOHtermini, whereas mouse p57 contains a unique central domain that is not conserved in p27 or in human p57 (Fig. 1 A) . These structural characteristics led us to hypothesize that mouse p57 might have a specific role in development that is mediated through its central domain. Indeed, mouse p57 binds to LIM domain kinase (LIMK) through its central domain; thus, it regulates actin formation in chondrocytes (19) . To investigate the functional equivalence and specificity of p27 and p57 in vivo, we developed a knock-in mouse model in which the endogenous p57 gene is replaced by a construct encoding hemagglutinin epitope (HA)-tagged mouse p27 (Fig. 1B) . We showed that the HA tag did not impair the interaction of p27 with CDK2 or CDK4 in vivo (Fig. S1 ). Recombination events and removal of the neo cassette were confirmed by Southern blot analysis (Fig.  1C) . The HA-p27 protein was expressed at the expected molecular size in embryonic tissues of, and in mouse embryonic fibroblasts (MEFs) derived from, the resulting p57 p27KI mice ( Fig. 1D ; see also Fig. 4A ). We confirmed that expression of HA-p27 under the control of the p57 gene promoter did not affect that of endogenous p27 (Fig. 1D) . Also, the paternal knocked-in HA-p27 allele was not expressed in heterozygotes (Fig. 1D) , suggesting that genomic imprinting, which normally suppresses expression of the paternal p57 allele, was not disturbed by the genetic manipulation. Thus, we crossed wild-type males and p57 ϩ/Ϫ or p57 ϩ/p27KI females, with the resulting heterozygous offspring designated as p57 KO or p57 p27KI mice, respectively. Spatial expression patterns of HA-p27 in p57 p27KI mice were almost identical to those of endogenous p57 in wild-type mice, with no substantial differences apparent in equatorial epithelial cells of the lens, gut epithelial cells, podocytes in the kidney, or cells of the proliferative to hypertrophic zones of epiphysial cartilage (Fig. 1E) . Therefore, we concluded that the knocked-in HA-p27 allele was correctly expressed in place of the endogenous p57 allele with only a few exceptions apparent in some tissues (see below).
Circumvention of Neonatal Death and Developmental Anomalies of
p57 KO Mice by Knock-In of p27. Most p57 KO mice die soon after birth, whereas some of them survive until weaning, but show marked growth retardation ( Fig. 2 A and B ; Table S1) (16) . In contrast, p57 p27KI mice were born in approximately the expected ratio, and grew at the same rate as wild-type littermates. Surviving p57 KO mice manifest atrophy of various tissues or organs, including the seminal vesicle, testis, and uterus, as well as vaginal atresia (16) , whereas such developmental anomalies were not apparent or were greatly ameliorated in p57 p27KI mice (Fig. 2 C-E ; Table S1 ). We further investigated whether specific defects apparent at birth in p57 KO mice were corrected by the knock-in of p27. The growth retardation in utero, as well as developmental defects of the lens, palate, and intestine apparent with p57 KO mice were absent or markedly diminished in p57 p27KI mice ( Fig. 3A ; Table S1 and Fig. S2 ). Also, the enlargement of the adrenal gland apparent in p57 KO Kidneys of newborn mice [postnatal day (P)0] were lysed and subjected to immunoblot analysis with antibodies to p57, to HA, and to p27. The asterisk indicates nonspecific bands, and the band positions for endogenous (Endo.) and knocked-in (KI) p27 are shown. Genomic DNA of the corresponding animals was subjected to PCR analysis to determine their genotypes. Brackets indicate a paternal imprinted allele. Both p57 and HA-p27 were expressed only from the maternal allele. WT and KI indicate the wild-type and knocked-in alleles, respectively. (E) Immunohistochemical analysis of the indicated tissues of wild-type (p57 WT ) or p57 p27KI neonates performed with antibodies to p57 or to HA. Sections were counterstained with hematoxylin. Arrowheads indicate the same types of cells expressing either p57 or HA-p27 in p57 WT littermates. Quantitative data are means Ϯ SD (n ϭ 3 to 7). * , P Ͻ 0.05 (ANOVA followed by Tukey-Kramer test). (C and D) Representative testes, seminal vesicles, and uteri from mice of each genotype at 7 weeks of age. Tissues of each pair were from littermates. Sections of the uterus were also subjected to hematoxylin-eosin staining; the muscle layer of the p57 KO uterus was thinner than that of the p57 WT or p57 p27KI uteri (arrows). (Scale bars: macroscopic comparisons, 5 mm; uterine sections, 50 m.) (E) Vaginal atresia (arrowhead) of a p57 KO mouse at 7 weeks of age, and its correction in a p57 p27KI mouse.
in p57 p27KI mice ( Fig. 3B ; Table S1 ). The deformities of the vertebrae and ribs, delayed ossification of the occipital bone, digits, and long bones, and shortening of the long bones apparent in p57 KO mice were also substantially corrected in p57 p27KI mice ( Fig. 3C ; Table S1 ). These observations suggested that p27 is able to substitute for p57 in most tissues.
Abnormal Inactivation of Rb in p57 KO Mice Is Suppressed by Knock-In of p27. Rb and related proteins have an important role in exit of cells from the cell cycle and in cell differentiation. The observation that p57 KO mice show characteristics similar to those of mice deficient in Rb or Rb-related proteins, such as defects in lens and bone (28, 29) , suggests that p57 regulates Rb-dependent pathways to ensure timely exit from the cell cycle and cell differentiation during development (2) . To confirm that the knocked-in p27 in p57 p27KI mice actually functions as a CKI, we prepared MEFs from wild-type, p57 KO , and p57 p27KI mice, and evaluated endogenous cyclin-CDK activities. The extent of phosphorylation of Rb in serum-deprived p57 KO MEFs was greater than that in wild-type MEFs ( Fig. 4A; Fig. S3 ), although the difference was not pronounced, probably as a result of the higher level of expression of p27 than of p57 in MEFs, and the consequent limited impact of p57 loss. Knock-in of p27 significantly reduced the extent of Rb phosphorylation to a level similar to that apparent in the wild-type cells, suggesting that the ectopic p27 inhibited cyclin-CDK activities in place of p57 in arrested cells. To assess the CKI function of knocked-in p27 in vivo, we examined the extent of cell proliferation in lens and bone by measuring incorporation of BrdU at embryonic day (E)13.5 or E16.5, respectively. The numbers of BrdU-positive cells in lens (equatorial zone and posterior chamber) and bone (zones of proliferative and flattened cells) were increased in p57 KO mice compared with those in wild-type mice, and these increases were largely abolished in p57 p27KI mice (Fig. 4B) . Thus, these results suggested that aberrant proliferation of cells in lens and bone of p57 KO mice was inhibited by knock-in of p27, resulting in restoration of normal development of these tissues (Fig. 3 A and C) .
Some developmental anomalies, such as the intestinal defect, of p57 KO mice are likely attributable to aberrant apoptosis triggered by the lack of p57. Loss of p57 may result in inactivation of Rb by cyclin-CDK complexes and consequent induction of E2F1-dependent apoptosis, given that E2F1 contributes not only to proliferation but also, in some settings, to programmed cell death (30) . We monitored E2F1 activity by determining the abundance of E2F1 mRNA, given that E2F1 activates transcription of its own gene in a positive feedback loop (31, 32) . Indeed, the level of E2F1 mRNA was greater in the intestine of p57 KO mice than in that of wild-type mice (Fig. 4C) . In contrast, the amount of E2F1 mRNA in the intestine of p57 p27KI mice was similar to that in wild-type animals. A role for E2F1-induced apoptosis in the developmental defects of p57 KO mice was also confirmed by the substantial amelioration of the cleft palate and intestinal defect of p57 KO mice that was apparent in p57/ E2F1 DKO mice (Fig. 4D ), which were generated by crossing p57 KO mice with E2F1 KO mice (33) . These observations suggest that p57 functions as a CKI in certain tissues during mouse development, and that it is replaceable in these tissues by p27.
Phenotypes of p57 KO Mice Not Corrected by Knock-In of p27. Although most abnormalities of p57 KO mice were found to be corrected in p57 p27KI mice, there were some exceptions. Dysplasia of the renal papilla, placental dysplasia, and thinning of the abdominal wall or omphalocele, thus, remained in p57 p27KI mice (Fig. 5 A-C ; Table S1 and Fig. S4 ). These observations suggested that such phenotypes of the kidney, placenta, and abdominal wall are not responsible for the early death of p57 KO mice. We examined the spatial expression patterns of p57 and HA-p27 in these tissues by immunohistochemical analysis. In the renal papilla of wild-type mice, p57 was found to be expressed predominantly in interstitial cells adjacent to renal tubular cells (Fig. 5D) . Although the expression level of knocked-in p27 in p57 p27KI mice appeared similar to that of p57 in wild-type mice, HA-p27 was detected in only a subset of interstitial cells, and the array of these cells was unorganized in p57 p27KI mice (Fig. 5D) . In the placenta, p57 was expressed both in trophoblasts of the basal and labyrinth zones, as well as in epithelial cells of the labyrinth zone in wild-type mice, whereas HA-p27 was virtually undetectable in trophoblasts of p57 p27KI mice (Fig. 5E) . Thus, persistent abnormalities observed in p57 p27KI mice were associated with changes in the expression pattern of knocked-in p27, suggesting that regulation of the expression of p57 differs from that of HA-p27 in a cell type-dependent manner. RT-PCR analysis revealed that the expression of HA-p27 mRNA in the kidney or placenta of p57 p27KI mice was similar to that of endogenous p57 mRNA in wild-type mice (Fig. S5A) . Also, immunohistof luorescence analysis showed that KPC (34) and Pirh2 (35; T. Hattori and M. Kitagawa, personal communication), both of which are p27-specific E3 ubiquitin ligases, were expressed prominently in the trophoblast layer, but to a lesser extent in the labyrinth layer of the placenta (Fig. S5B) , suggesting that HA-p27, but not p57, may undergo ubiquitin-dependent degradation in trophoblasts. In contrast, the expression pattern of HA-p27 in epithelial cells of the labyrinth zone, as well as in skeletal muscle cells of the abdominal wall appeared similar to that of p57 ( Fig. 5 E and F) , despite the remaining mutant phenotypes in p57 p27KI mice (Fig. 5 B and C) , suggesting that p57 has a specific role in these tissues. Together, these various observations suggest that p57 and p27 share many roles in vivo, but that p57 also performs specific functions not amenable to substitution with p27.
Discussion
We have examined whether the in vivo functions of p27 and p57 are identical by generating a knock-in mouse model in which the p57 gene is replaced with the p27 gene. The p57 p27KI mice were born in the expected numbers and survived without gross abnormalities, whereas most p57 KO mice manifest multiple developmental defects, and die shortly after birth. The inactivation of the Rb pathway and increased cell proliferation, as well as the associated developmental defects that result from p57 deficiency, were corrected by knock-in of p27. Thus, our data show, in a physiological setting, that p27 and p57 are functionally similar, with p27 being able to substitute for p57, and that the CKI activity, rather than other potential functions, of p57 is critical for development of most tissues. Our observations support the notion that differences between the phenotypes of p27 KO and p57 KO mice are mainly attributable to differences in the spatial and temporal expression patterns of p27 and p57 (18) , as well as to differences in the sensitivities of tissues to insufficient inhibition of cell proliferation, rather than to differences in the intrinsic molecular activities of the 2 proteins. The abundance of p27 is greater than that of p57 in some tissues, whereas that of p57 is greater than that of p27 in others (18) . Thus, the former tissues may be less sensitive than the latter to the ablation of p57. For example, the amount of p27 is greater than that of p57 in MEFs, consistent with the observation that the ablation of p57 in these cells results in only a moderate change in CKI activity (this study), and a minimal biological effect (16) .
In humans, the p57 gene maps to chromosomal region 11p15.5, which is implicated in Beckwith-Wiedemann syndrome (BWS) (36, 37) . BWS is characterized by various growth abnormalities, some of which are recapitulated in p57 KO mice (17, 38, 39) . Given that the central domains of human and mouse p57 differ, the well-conserved CKI domain may be responsible for the abnormalities shared by p57 KO mice and BWS patients. Knock-in of p27 corrected many of these abnormalities, including cleft palate, enlargement of the adrenal gland, as well as intestinal, skeletal, and lens defects, supporting the idea that the conserved CKI domain has a key role in organ development not only in mice but also in humans.
The defects in some tissues of p57 KO mice remained apparent in p57 p27KI mice. Also, slight defects sometimes remained even in tissues that showed recovery. These findings might be explained by several possible scenarios. First, there might be differences in the activity or specificity of p27 and p57 as CKIs. Indeed, phosphorylation of p27 at tyrosine residues 74, 88, and 89 affects its binding preferences and CKI activity (40 -43) . Thus, it is possible that cell type-specific kinases phosphorylate CKIs and, thus, regulate their CDK-inhibitory activity. Second, non-CKI functions of p27 and p57 may be important for developmental processes. Both p27 and p57 bind various molecules specifically (20 -27, 44) , and contribute to certain developmental processes in a manner independent of their CKI activity (22, 25, (45) (46) (47) (48) . For example, stabilization of MyoD and inhibition of JNK by p57 promote myoblast differentiation (23, 26, 49) , consistent with our finding that knocked-in p27 did not correct the abdominal muscle defect of p57 KO mice, despite its expression pattern being apparently identical to that of p57. Also, given that mouse p57 binds to LIMK through its unique central domain to regulate actin formation (19) , and that LIMK2 knockout mice manifest abnormalities in the kidney (50), defective cell migration might be responsible for the kidney defect of p57 KO mice. Third, the stability of p27 and p57 proteins may also differ in a cell type-dependent manner. The expression level of knocked-in p27 in placental trophoblasts of p57 p27KI mice was greatly reduced compared with that of p57 in wild-type mice, suggesting the existence of a posttranscriptional regulatory mechanism specific for p27 in these cells. Indeed, there appear to be specific pathways for p27 or p57 degradation. Only p27 (not p57) is ubiquitylated by the KPC-dependent pathway (34), or by Pirh2-dependent pathway (35; T. Hattori and M. Kitagawa, personal communication), whereas the F-box protein FBL12
was recently shown to contribute to the degradation of p57 (51) . Thus, various mechanisms may determine the specific features of p27 and p57.
In conclusion, p27 and p57 possess similar CKI activities, but each of the 2 proteins shows specific features in certain cellular contexts. The extent of correction of the developmental defects of p57 KO mice by p27 knock-in varied in a tissue-dependent manner, presumably reflecting the extent to which p27 and p57 are molecularly equivalent.
Materials and Methods
For more details, see SI Materials and Methods.
Generation of p57 p27KI Mice. The knock-in mouse was generated as described previously (14, 16) . The targeting vector was constructed by replacement of exons 2 and 3, which contain the ORF, as well as intron 2 of the p57 gene with a cDNA encoding HA-tagged mouse p27 as well as with a neomycin-resistance gene (neo) cassette flanked by LoxP sequences. The 5Ј region of homology in the targeting vector consisted of a 1.6-kb fragment generated by PCR with appropriate primers to remove intron 3 of the p57 gene; the 3Ј region of homology comprised a 7-kb fragment generated by PCR with appropriate primers to remove intron 1, and connected an NdeI-NotI fragment spanning the promoter region and 5Ј untranslated region of the p57 gene. The ES cell clones that manifested homologous recombination were subjected to an additional electroporation to introduce the Cre-Pac vector (52) , and puromycin-resistant, G418-sensitive colonies were isolated. Examination of embryonic and neonatal phenotypes was performed with mice of the C57BL/6J background or the C57BL/6J ϫ 129/Sv background, whereas adult phenotypes were examined on the C57BL/6J ϫ 129/Sv background, because most p57 KO mice die at birth on the C57BL/6J background.
Immunoprecipitation (IP) and Immunoblot Analysis (IB).
Kidneys of newborn mice or E13.5 MEFs were lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with phosphatase and protease inhibitor (PPI) mix (10 mM sodium pyrophosphate/10 mM NaF/2 mM sodium orthovanadate/1 mM phenylmethylsulfonyl fluoride/10 g/mL aprotinin/20 g/mL leupeptin). MEF lysates were subjected to IP with antibodies to Rb (BD PharMingen) in IP buffer (0.5% Triton X-100/150 mM NaCl/PPI mix). Primary antibodies for IB included those to p57 (P-0357, Sigma), to HA (HA-11, Covance), to p27 (BD TDL), to Rb phosphorylated on Ser 780 (Cell Signaling), and to HSP70 (BD TDL).
Histology, Immunostaining, and Skeletal Staining. Hematoxylin-eosin staining was performed according to the standard protocol. Immunohistochemical analysis was performed as described previously (18) , with the use of antibodies to p57 (H-91, Santa Cruz Biotechnology) or to HA (Y-11, Santa Cruz Biotechnology). E18.5 embryos were subjected to skeletal staining as described previously (16) .
BrdU Incorporation. Embryos were labeled for 2 h with BrdU by i.p. injection of dams (100 g of BrdU per gram of body weight). Paraffin-embedded tissue was sectioned at a thickness of 3 m (lens, E13.5) or 4 m (humerus, E16.5), and was immunostained with biotinylated antibodies to BrdU (BD PharMingen) and Alexa 488-conjugated streptavidin (Molecular Probes). Nuclei were stained with Hoechst 33258.
Quantitative RT-PCR Analysis. Total RNA was extracted and purified from the intestine of E18.5 embryos and subjected to reverse transcription with a QuantiTect kit (Qiagen). The resulting cDNA was subjected to real-time PCR analysis as described previously (53), with 200 nM primers specific for E2F1 (54) or GAPDH (53) . The abundance of E2F1 mRNA was normalized relative to that of GAPDH mRNA.
